A gene for a pyrrolidone carboxyl peptidase (Pcp: EC 3.4.19.3, pyroglutamyl peptidase), which removes amino-terminal pyroglutamyl residues from peptides and proteins, has been cloned from the hyperthermophilic Archaeon Pyrococcus furiosus using its cosmid protein library, sequenced, and expressed in Escherichia coli. The DNA sequence encodes a protein containing 208 amino acid residues with methionine at the N-terminus. Analysis of the recombinant protein expressed in E. coli, including amino acid sequence analysis from the N-terminus by automated Edman degradation and ionspray mass spectrometric analysis of the peptides generated by enzymatic digestions with lysylendopeptidase and Staphylococcus aureus V8 protease, showed its primary structure to be completely identical with that deduced from its cDNA sequence. Comparison of the amino acid sequence of P. furiosus Pcp (P.f.Pep) with those of bacterial Pcps revealed that a high degree of sequence identity (more than 40%) and conservation of the amino acid residues comprising the catalytic triad, Cys142, His166, and G1u79.On the other hand, a unique short stretch sequence (positions around 175-185) that is absent in bacterial Pcps was found in P. f.Pcp. A similar stretch has also been reported recently in the amino acid sequence of Pcp from the hyperthermophilic Archaeon Thermococcus litoralis [Littlechild et Pyrrolidone carboxyl peptidase (Pcp) [EC 3.4.19 .3] removes amino-terminal L-pyroglutamic acids from peptides and proteins. Pcps found so far have been divided into two classes (1) . Type I enzymes are found in both prokaryotes and eukaryotes, belong to one of the cysteine protease families, and are soluble proteins consisting of two or four identical subunits with molecular weight (MW) ranging from 20,000 to 25,000. Type II enzymes are mainly located in mammalian brain tissue, being membrane-bound metal lopeptidases having MWs of between 230,000 and 280,000. The role of Type I enzymes still remains unclear, whereas Type II enzymes appear to play an important physiological role in the degradation of other neuropeptides. In addition, Pcps has practical significance in its application to protein sequence analysis as a means of selective removal of Nterminal pyroglutamic acids from peptides and proteins before Edman degradation (2) . From this standpoint, we have found in the hyperthermophilic Archaeon Pyrococcus furiosus an enzyme that is superior in both thermostability and specific activity to any other Pcps found so far. Here, we show the presence of a gene for Pep in P. furiosus, its cloning, and DNA sequencing. We also report several characteristics of the recombinant protein expressed in Escherichia coli and its utilization for protein sequence analysis.
1 The nucleotide sequence data reported in this paper will appear in the GSDB, DDJB, EMBL, and NCBI nucleotide sequence data bases with the following accession number AB015291, as a Pyrococcus furiosus gene. Screening of the Pep Gene of P. furiosus-The Pep activity in the P. furiosus cosmid protein library was measured. From two transformants showing the Pep activ ity, cosmid DNA was prepared and digested with BamHI, inserted into the BamHI site of the plasmid vector pUC118, and then introduced into E. coli JM109. From the transformants, a colony showing the Pep activity in the supernatant of cells prepared in a similar manner to the cosmid protein library was further selected, and the resul tant plasmid was designated pPCP1. pPCP1 was digested with Sacl and Hincll, the resulting DNA fragments were inserted into pUC1 18, and the plasmid pPCP2 was obtained by measuring the Pep activity in E. coli transformants in the same way as described above. A DNA fragment of about 1.1 kbp containing the Pep gene was subjected to DNA sequencing. To construct a more effective expression system of P, f.Pcp, the Pep gene was amplified from the plasmid pPCP2 by PCR together with an oligonucleotide, GGGTTAAATTTAAAGTATTAGTTACCGGG, into which a Dral site was introduced by replacing a putative initiation codon, ATG, of the Pep gene with TTT, and M13 primer M4. After amplification, the PCR product was treated with proteinase K, extracted with phenol-chloroform, and precipitated with ethanol. The PCR product was digested with Dral and HincII, then purified by agarose gel electro phoresis, inserted into the NcoI-HinclI site of the plasmid vector pTV1 18N, and used to transform E. coli JM109. E. coli JM109/pPCP3 thus obtained showed strong and hyperthermostable Pep activity. DNA Sequencing-The DNA fragment of about 1.1 kbp containing the Pep gene inserted into the plasmid pPCP2 was subjected to DNA sequencing. The nucleotide se quences of the DNA fragments formed by digestion of the parent DNA fragment with several restriction enzymes were analyzed by the dideoxy chain termination method basically as described by Sanger et al. (4) . BcaBEST DNA polymerase (5) was used for the chain elongation reaction with fluorescent dideoxy terminators, and the products were analyzed with an autosequencer (Perkin-Elmer-370A), Protein Analysis-The N-terminal sequences of the intact recombinant P. f. Pcp and the substrate peptides and proteins generated by digestion with Pp f.Pcp were analyzed by direct sequencing with a pulse-liquid phase protein sequencer (Perkin-Elmer 477A). A triple quadrupole equipped with an ionspray ion source mass spectrometer (Perkin-Elmer-Sciex, API-III) was used to determine the molecular masses of the both intact and S-carboxymeth ylated recombinant Ps f.Pcps by introducing each protein sample (200 pmol) dissolved in 100 pl of 0.1% formic acid-50% acetonitrile into the mass spectrometer through a 
RESULTS

AND DISCUSSION
Cloning of the Pep Gene from P. furiosus-To screen the Pep gene in P. furiosus, the cosmid protein library de scribed in "MATERIALS AND METHODS" was used as previ ously described (9 similar manner to those of bacterial Type I Pcps, then it must be Cys188 that provides the sulfhydryl group through which P. f.Pcp forms a dimer. On the other hand, the molecular weight determined by the sedimentation equilib rium with an analytical ultracentrifugation (Beckmann Optima mode XL-A) was approximately 96,300 on the assumption that the partial specific volume of the Pp f.Pep was 0.754 cm3/g from its amino acid composition (K. Yutani et al., in preparation). The native Pp f.Pcp is therefore estimated to form a tetramer composed of two identi- Fig. 2 . Nucleotide sequence of the Pcp gene regions and the deduced amino acid sequence of the P.f.Pcp. The nucleotide numbering starts with the 5'-untranslated region of the DNA frag ment. Amino acid numbering is shown beneath nucleotide numbers. The amino acid residues directly identified by sequence analysis of the N-terminus of the intact P. f. Pcp are underlined. Amino acid residues estimated to be involved in the catalytic triad are indicated by bold letters and asterisks (,t). cal dimers as described above. Next, a more detailed structural analysis of the protein was performed by LC-MS analysis of each peptide produced by either lysylendopep tidase or Staphylococcus aureus V8 protease digestion. The observed masses of the resulting peptides are listed in Table Il with the expected average masses of amino acid residues deduced from the nucleotide sequence of the Pcp gene. The observed mass in each case is within 0.5 Da of the expected mass. Several small peptides of less than 6 residues from both digests, which might be eluted in the unadsorbed fraction on the LC column used, could not be analyzed, but by mass analyses of the peptides corresponding to the overlaps of each digest, the entire amino acid sequence of the recombinant P.f.Pcp was elucidated to be identical with that deduced from the nucleotide sequence of its gene. Enzymatic Properties of the Recombinant P. furiosus Pcp-The effects of temperature and pH on the recombinant P.f.Pcp were examined. The optimum pH was 6-9, and the optimum temperature was around 90°C (Fig. 3) . More than 80% of Pcp activity was retained after heating at 75°C for 150 min in the range of pH 5.0 to 9.0. The Pep partially purified from crude extract of P. furiosus by the same procedures as for the recombinant protein exhibited the same properties with respect to temperature and pH as the recombinant enzyme. After dialysis against 50 mM Na-phosphate buffer (pH 7.0) containing a thiol group blocking reagent such as N-ethylmaleimide or p-chloro- a Peptides are named by using letters and numbers. Letters indicate the enzyme used for fragmentation: K, lysylendopeptidase; SP, S. aureus V8 protease, and numbers indicate the sequential order of the peptides predicted to be produced from the S-carboxymethylated recombinant P.f.Pcp by each protease. bPeptides produced by either partial (-) or non-specific cleavages (').
S . Tsunasawa et al. mercurybenzoate (1 mM), the enzyme activity was com pletely lost. But addition of DTT (10 mM) in the reaction buffer [50 mM Na-phosphate buffer (pH 7.0)] completely restored the activity, even after heating at 75°C overnight. The enzyme was inhibited by Hg` ions, and to a lesser extent, by Zn2+ and Co"+ ions, but other metal ions exam ined had no effect. These properties suggest that Pp f.Pep is a thiol protease similar to other Type I Pcps. In fact, substitution of Cys142 with Ser by site-directed mutagene sis resulted in a complete loss of the activity (K, Yutani et al., in preparation), and this strongly suggests that Cys142 is involved in the catalytic triad of the enzyme. On the other hand, the fact that only about one of the activity was lost on substitution of Ser for Cys188, which seems to be involved in dimer formation through disulfide bridging suggests that Cys188 is not essential for the activity, but contributes to the catalytic action of the enzyme by formation of a suitable oligomeric structure. The resistance of the enzyme activity to several denaturants was examined. Approximately 70% of the original activity was retained after preincubation with 10 mM DTT, 50 mM Na-phosphate buffer (pH 7.0) containing less than either 0.01% SDS, 1 M urea, or 1 M guanidine-HCI at 37°C for 15 min.
Application of the P.f.Pep to Sequence Analysis-The specificity of the enzyme for several peptides with or without an N-terminal pyroglutamyl group was tested, and it was found that the enzyme specifically cleaved only N-terminal pyroglutamyl residues from these substrates (Table III) . The activity of the enzyme was also examined for two proteins, hen egg white riboflavin-binding protein (11) and low-molecular weight trypsin inhibitor from Brassica oleracea (S. Watanabe et al., in preparation), for hyperthermostability, further structural studies includ ing the contribution of the stretch sequence observed in Pcps from thermophilic Archaeon are required. Such studies are now in progress and the results will be published elsewhere.
The recombinant Pp f.Pcp has higher thermostability, higher resistance to such denaturants as 1 M urea and 0.01% SDS, and higher specific activity even at moderate temperature than other known Pcps. For example, Peps from P. furiosus, B. amyloliquefaciens, and porcine liver showed activities of 5.8, 0.90, and 0.53 U/mg, respectively, under the assay conditions described in the text except that enzymatic reaction was done at 37°C. Therefore, Pp f.Pep can act on native proteins in buffer including these denaturants as at higher temperature.
The recombinant Pp f.Pcp produced in E. coli is presently the most suitable enzyme for the removal of N-terminal pyroglutamic acids of peptides and proteins. It is also expected to find indus trial application in the degradation of pyroglutamyl peptides formed during manufacturing process of nutrient peptides. By simultaneous digestion of proteins from foods such as casein and wheat glutein with non-specific endo proteases and P.f.Pcp at higher temperature, by-produc tion of pyroglutamyl peptides, which are suspected both to disturb the absorption of other peptides in intestine with their slight solubility and to exhibit unknown physiological activities, will be grately diminished.
